STUDY QUESTION: What is the diagnostic accuracy of 2D/3D hysterosalpingo-foam sonography (HyFoSy) and 2D/3D-high-definition flow Doppler (HDF)-HyFoSy in comparison to laparoscopy with dye chromotubation (as the reference method) and 2D air/saline-enhanced hysterosalpingo-contrast sonography (HyCoSy) (as the initial index test)?
0.14 and 14.8, respectively, for 2D/3D-HyFoSy, 0.06 and 32.1, respectively, for 2D/3D-HDF-HyFoSy, and 0.08 and 6.9, respectively, for 2D-air/saline-HyCoSy. The number of inconclusive or positive results per patient was significantly fewer with 2D/3D-HyFoSy (odds ratio, OR = 0.5, CI = 0.3-0.95, P < 0.05) and 2D/3D-HDF-HyFoSy (OR = 0.4, 95% CI = 0.2-0.8, P < 0.01) than with 2D-air/saline-HyCoSy.
Introduction
Saline and air administered simultaneously or alternately, i.e. air/saline hysterosalpingo-contrast sonography (air/saline-HyCoSy), is the cheapest and most globally accessible positive contrast agent used for ultrasound-based examination of tubal patency (Jeanty et al., 2000; Sladkevičius et al., 2014) . Apart from air and saline, some of the other contrast agents that have been in use are Echovist ® (galactose microparticles; Bayer Schering Pharma AG, Berlin, Germany) and SonoVue ® (sulfur hexafluoride; Bracco International BV, Amsterdam, The Netherlands) (Lanzani et al., 2009; Saunders et al., 2011) . However, the accuracy of 2D ultrasound using these contrast media for tubal patency assessment is limited (Maheux-Lacroix et al., 2014) . Recently, ExemFoam ® (hydroxyethylcellulose, glycerol and purified water;
GynaecologIQ, Delft, The Netherlands) (Emanuel et al., 2012) was launched. It is a microbubble contrast agent with a gas core, and it can be used to obtain highly useful sonograms. Hysterosalpingo-foam sonography (HyFoSy) has been reported to have very high accuracy in a pilot study (Van Schoubroeck et al., 2013) . Three-dimensional imaging with HyCoSy allows for visualization of the tubes in the coronal view and in 3D space. Moreover, 3D ultrasonography is a relatively easy method for standardized automated scanning of the Fallopian tubes, even for less experienced raters (Exacoustos et al., 2009) . The additional use of Doppler imaging can increase the diagnostic accuracy of HyCoSy (Sladkevičius et al., 2000; Maheux-Lacroix et al., 2014) . Further, the recently established highdefinition flow (HDF) method (Kim et al., 2008) , which is a bidirectional Doppler feature, has better axial resolution and more sensitive flow than standard Doppler imaging (Alcázar and Kudla, 2010) . The findings of previous studies seem to suggest that the use of foam as the contrast agent in 3D automated scanning (2D/3D-HyFoSy) of the Fallopian tubes and the additional use of HDF Doppler ultrasound (2D/3D-HDF-HyFoSy) may have better accuracy for tubal patency testing than visualization with air/saline in traditional 2D ultrasonography. However, it has also been reported that the use of air/saline for contrast in standard 2D ultrasound imaging may be sufficient in some cases (Jeanty et al., 2000; Sladkevičius et al., 2014) .
The objectives of our study were (i) to estimate the diagnostic accuracy of 2D/3D-HyFoSy and 2D/3D-HDF-HyFoSy in tubal patency testing and compare it to the accuracy of laparoscopy with dye chromotubation, and (ii) to compare the diagnostic accuracy and concordance between 2D/3D-HyFoSy, 2D/3D-HDF-HyFoSy and air/saline-HyCoSy. This is the first time that the diagnostic accuracy of HDF Doppler ultrasound and automated 3D scanning has been investigated and compared with the initial index test (air/saline-HyCoSy) and reference standard (laparoscopy) in tubal patency evaluation. Thus, the findings may be valuable for establishing a new diagnostic strategy.
Materials and Methods

Participants
This was a prospective observational study, which was a part of a complex project (studies on diagnostic accuracy and reliability/agreement, KBET/ 276/B/2013), on (i) the use of 2D and 3D ultrasound techniques with Doppler and foam in the diagnosis of Fallopian tube patency, and (ii) 3D sonohysterography (3D-SIS) for uterine cavity diseases in infertile women. This study was approved by the Bioethics Committee of Medical College, Jagiellonian University.
The study included sexually active women in the reproductive age group of 20-41 years who had a medical history of primary or secondary infertility and had not been examined for tubal patency. Only participants who provided their written informed consent for participation in the study were included.
The following exclusion criteria were applied: unknown pregnancy, menopause, use of contraception, reproductive tract cancer, the presence of adnexal tumors or cysts >3 cm, acute or subacute inflammation of the reproductive system and withdrawal of consent.
Patients who met the eligibility criteria were consecutively enrolled at the Department of Gynecology and Oncology, Jagiellonian University (Krakow, Poland), Ludwin and Ludwin Gynecology (Private Medical Center, Krakow, Poland) and Centermed, a private hospital (Krakow, Poland) between November 2013 and July 2015. Data collection was completed in August 2015. The aggregated data were stored in Microsoft Excel 2011 for Mac (Version 14.1.0; Microsoft Corporation, Santa Rosa, CA).
The patients underwent ultrasound-guided examination of the uterine cavity and Fallopian tubes with saline, air/saline and foam. Following this, they underwent laparoscopy with dye chromotubation for the evaluation of tubal patency (reference standard) (Saunders et al., 2011; Maheux-Lacroix et al., 2014) with simultaneous diagnostic hysteroscopy (evaluation of the uterine cavity). If needed, the therapeutic surgical procedures were performed immediately after the tubal diagnosis, during endoscopy.
Study procedure
The investigators who assessed tubal patency using the ultrasound tools had considerable clinical experience: A.L., I.L. and M.W. are level three experts according to the European Federation of Societies for Ultrasound in Medicine and Biology (www.efsumb.org) (2009). They are specialists in gynecology and obstetrics, with 12-15 years of experience in 2D ultrasound imaging and HyCoSy and 7-9 years of experience in 3D imaging.
The readers were designated as P1 (A.L.), P2 (I.L.) and P3 (M.W), and the procedures were designated as 1 (2D and 3D ultrasonography, insertion of the speculum and catheter, and 3D-SIS and 2D-air/saline-HyCoSy), 2 (2D/3D-HyFoSy) and 3 (2D/3D-HDF-HyFoSy). Immediately before each patient was examined, one set of three unique numbers from 1 to 3 was generated in random order without sorting (Research randomizer, https://www.randomizer.org, Social Psychology Network). If the set generated was 2, 3 and 1, then P1 performed procedure 2, P2 performed procedure 3 and P3 performed procedure 1.
The readers were blinded to the results of the other procedures and were not present in the examination room during other components of the ultrasound procedures, that is, during procedures that they did not perform. The report from the examination was recorded and immediately given to the medical secretary, who was in charge of collecting the data during the test. Laparoscopic findings were assessed independently by experienced raters (K.P., P.B. or T.B.) who were specialists in gynecology and obstetrics and gynecological oncology, with 12-25 years of experience in gynecological endoscopy.
Ultrasound procedures
The patency of the Fallopian tubes was examined after the menstrual period, between Days 5 and 12 of the cycle, in a single session, during which 2D standard ultrasound examination of the pelvic organs and 3D ultrasonography of the uterus , 3D-SIS to assess the uterine cavity, 2D-air/saline-HyCoSy (Supplemental video 1a), 2D/3D-HyFoSy (Figs 1 and 2 (Ludwin et al., 2017) . Routine antibiotic prophylaxis was not used (Thinkhamrop et al., 2013) . For all of the ultrasound examinations, an ultrasound system (Voluson E8 Expert BT12; GE Healthcare Ultrasound, Milwaukee, WI, USA) with volumetric intravaginal probes (GE RIC 5-9 MHz) was used. The 3D coded contrast imaging function (Exacoustos et al., 2009) was not used.
A disposable 5-Fr silicone catheter (Softinjector; RI.MOS., Mirandola, Italy) with a balloon was used for sealing the cervical canal. The ultrasound examinations were performed in the doctor's office, with the patient seated on a gynecological chair. The probe was inserted into the vagina and removed by the reader who was assigned to the specific procedure, and it was re-inserted by the reader who performed the next procedure.
2D-air/saline-HyCoSy
After obtaining the sagittal view of the central portion of the uterus and after standard 3D-SIS (Ludwin et al., 2014 (Ludwin et al., , 2016 , the probe was rotated by 90°and the uterus was scanned after obtaining the required crosssection (Supplemental video 1a), in which both the intramural part of the Fallopian tubes and both horns of the uterine cavity were visible, and simultaneous visualization of both the ovaries (initial position) was possible. We used one or two 20-ml syringes, each filled with 10 ml of saline and 10 ml of air. During the infusion, the tip of the syringe outlet was alternately directed downwards (saline infusion) and upwards (air infusion). The position of the ultrasound probe was actively changed relative to the uterus and Fallopian tubes to depict the flow of the contrast agent along the entire length of each of the Fallopian tubes. If the flow of the contrast was not visible in either of the Fallopian tubes, the patient was instructed to change her body position, with the body elevated on the side of the Fallopian tube through which the flow could not be seen.
The air/saline-HyCoSy procedure was discontinued: (i) when free movement of the contrast through the Fallopian tubes and the abdominal ostia was observed; (ii) after administration of the maximum amount of contrast (40 ml: 20 ml saline + 20 ml air); (iii) at the request of the patient (e.g. if the patient experienced unbearable pain) or (iv) in case of complications (e.g. severe reaction of the vagus nerve).
2D/3D-HyFoSy and 2D/3D-HDF-HyFoSy
HyFoSy was carried out with the probe in the initial position (the cross-section of uterus as described above) immediately after air/saline-HyCoSy. The ExEm ® Foam-kit was used to produce foam according to the manufacturer's instructions (Emanuel et al., 2012) . During administration of foam, tubal patency was evaluated in real time using 2D ultrasonography ( Fig. 1 , Supplemental video 1b), taking into account the real-time observations from 3D volume acquisition (Fig. 2 ). Volume acquisition was performed twice in the initial position, in order to make sure that both Fallopian tubes and the entire uterus were covered: one type of render mode (HD-live surface) and the maximum quality setting was used both times. Single automated 3D acquisition lasted 8.5 s. We did not use other forms of 3D analysis for diagnosis, because it was previously shown that 3D-offline analysis did not improve the accuracy of HyCoSy (Watermann et al., 2004) . Thus, in this study, 3D ultrasound imaging was used only as a method of scanning standardization with which the entire course of the Fallopian tubes could be easily depicted without difficult probe movements, which means that it is less dependent on the operator (Exacoustos et al., 2009) . After the full procedures, 3D-offline evaluation (HDlive render mode, with which realistic tissue images can be generated with a combination of virtual light and shadows, with the effect of translucency) was used only for pictorial exam documentation (Figs 1C and D) . After 2D/3D-HyFoSy, in the starting position (the cross-section of the uterus), HDF Doppler ultrasound was initiated. HDF Doppler and 2D imaging (Supplemental video 1c) and real-time double-volume acquisition using the 3D static rendering mode during active contrast infusion were performed (Figs 1 and 2) .
The 2D/3D-HyFoSy procedure was discontinued: (i) when free movement of the contrast through the Fallopian tubes and the abdominal ostia was observed; (ii) after two volumes using the 3D static rendering mode were acquired; (iii) after administration of the maximum amount of contrast (10 ml); (iv) at the request of the patient (e.g. if the patient experienced unbearable pain) or (v) in case of complications (e.g. severe reaction of the vagus nerve). The 2D/3D-HDF-HyFoSy procedure was discontinued in such cases as well.
Definitions of tubal patency diagnosis
A Fallopian tube was considered patent (negative result) when (i) contrast flow was observed to pass from the tube into the abdominal cavity (all index tests and laparoscopy) or when (ii) contrast flow was observed in the intramural and the isthmic part of the tube (a) for 10 s (gray scale: 2D-air/saline-HyCoSy, 2D part of 2D/3D-HyFoSy; color: 2D part of 2D/3D-HDF-HyFoSy) and/or (b) during 3D volume acquisition (gray scale: 2D/3D-HyFoSy; flow contrasted by color: 2D/3D-HDF-HyFoSy) without any sign of hydrosalpinx and in the presence of free spill into the abdominal cavity. The tube was classified as occluded (positive result) when (i) contrast agent (color) was not observed to pass from the tube into the abdominal cavity or (ii) the tubal lumen was distended when contrast flow was observed in the intramural or isthmic part of the tube (Boudghène et was classified as inconclusive (valid inconclusive results; Shinkins et al., 2013) when contrast flow (i) was observed in the intramural and the isthmic part of the tube for <10 s (2D-Air/saline-HyCoSy) and/or (ii) was observed only in the intramural part of the tube during 3D volume acquisition (2D/3D-HyFoSy and 2D/3D-HDF-HyFoSy). The results were considered as uninterpretable (invalid inconclusive results; Shinkins et al., 2013) when the procedure was not completed successfully or was interrupted by technical or medical complications.
Laparoscopy with dye chromotubation
Standard laparoscopic evaluation with the dye test (methylene blue staining, with Schultze's salpingograph fixed with two tenaculums) was performed 1 day after ultrasound tests within 1 day of hospitalization under general anesthesia. The raters were blinded to the results of the ultrasound examination until endoscopic diagnosis was performed. The results of the endoscopic evaluation were reported and recorded, and the assisting nurse was asked to read out the ultrasound results to optimize the surgical procedures.
Sample size
The sample size required for the set level of sensitivity was determined, because the main objective of the study was to estimate the diagnostic accuracy of 2D/3D-HDF-HyFoSy as a screening tool. The following formula was used (Bauderer, 1996) (sN) = (TP + FN)/P, where TP is the true positive, FN is the false negative, SN is the sensitivity (expected), z is the 95% CI for normal distribution (equal to 1.96), P is the prevalence of disease in the test population, W is the maximum clinically acceptable width of the 95% CI (equal to 0.05, half the length of the CI; Bauderer, 1996). The expected sensitivity was 99% (2D/3D-HDF-HyFoSy, pilot study). A disease prevalence of 6% (tube occlusion) in the pilot study was set as the expected value in the study. Thus, the required sample size was 254 tubes or 127 patients with two tubes each. The calculated sample size was slightly increased (<5%, by five patients) to account for any unforeseen events. Post-hoc calculations showed that to obtain a sensitivity of 94% for 2D/3D-HDF-HyFoSy when the prevalence of occluded tubes is 6.9%, a 95% CI of 0.05 would be achieved with a sample of 1256 tubes. However, we accepted the sensitivity of 94%, because it had the maximum clinically acceptable degree of precision (by setting the width of the 95% CI to 0.05).
Statistical analysis
Analyses were performed using STATISTICA version 10. Agreement between each test was evaluated using the kappa (κ) statistic, proportion of agreement, positive percent agreement (PPA) and negative percent agreement (NPA). The κ-value was interpreted in terms of the strength of agreement as follows: poor, 0.20; fair, 0.21-0.40; moderate, 0.41-0.60; good, 0.61-0.80 and very good, 0.81-1.00 (Altman, 1991) .
A comparison of negative predictive value (NPV) and positive predictive value (PPV) between the tests was performed using relative predictive values (package DTComPair for R), as proposed by Moskowitz and Pepe (2006) . Bonferroni correction was applied to these results. A Fagan (1975) nomogram generated online by Schwartz's calculator (http://araw.mede. uic.edu/cgi-bin/testcalc.pl) was used for estimating how much the result of a diagnostic test changes the probability of a Fallopian tube being occluded.
The odds ratio (OR) with 95% CIs and P value (Deeks and Higgins, 2010) were calculated for the difference in proportions of patients who may require laparoscopy and dye (patients with occluded tubes + inconclusive results + uninterpretable results) after 2D/3D-HyFoSy, and 2D/ 3D-HDF-HyFoSy relative to 2D-air/saline-HyCoSy. A P value of ≤0.05 was considered to indicate statistical significance.
Results
Patient characteristics
The patient selection process is outlined in the STARD flow chart (http://www.stard-statement.org) (Fig. 3) . Overall, the data of 132 patients with 259 tubes were used for assessing the diagnostic accuracy. Among the patients, 129 had two Fallopian tubes and 3 patients had one Fallopian tube (2 had a unicornuate uterus with agenesis of one Fallopian tube, and 1 patient had undergone salpingectomy). The characteristics of the study population are shown in Table I .
Execution, failure of procedures and side effects
There were no cases in which the tests could not be performed due to technical difficulties resulting from anatomical problems. In three cases, because of difficulty in introducing the catheter above the inner cervical ostium, the tenaculum was used. In one case, the examination was discontinued after insertion of the balloon catheter into the uterine cavity, because the patient found the pain unbearable, and in one case, the procedure was discontinued during infusion of saline solution for the same reason.
Two patients had a severe pain response after completion of the ultrasound examination (0-10 numeric rating scale, 10 and 9 points), and two patients had shoulder pain. No other complications and no severe illnesses or other adverse events associated with the examinations occurred.
Accuracy of the ultrasound methods
Laparoscopy with the dye test showed that 18 of the 259 Fallopian tubes examined (6.9%) was occluded (Table II) . 2D-Air/salineHyCoSy, 2D/3D-HyFoSy and 2D/3D-HDF-HyFoSy indicated that 46, 27 and 24 of the 259 tubes were occluded, respectively; additionally, inconclusive results were obtained using these methods for 8, 5 and 3 tubes, respectively ( Fig. 3 and Table II) .
2D/3D-HDF-HyFoSy was the most accurate method for the diagnosis of tubal patency (ACC = 95.8%), as it was the only method which produced results that did not significantly differ from those of the reference laparoscopy and dye chromotubation method (P = 0.07), when inconclusive results were excluded or included as negative results (patent tubes) (Table III) .
2D/3D-HyFoSy without HDF Doppler ultrasound also had relatively high accuracy, but its accuracy was significantly lower than that of the reference method (P < 0.01) ( Table III) . The diagnostic accuracy of 2D-air/saline-HyCoSy (ACC = 84.2%) was significantly lower than that of the reference method (P < 0.01; Tables II and III) and both HyFoSy methods (P < 0.01). Further, there was no significant difference between the diagnostic accuracy of 2D/3D-HyFoSy and that of 2D/3D-HDF-HyFoSy (P = 0.2). The sensitivity, specificity, PPV, NPV, positive-likelihood ratio (LR+) and negative-likelihood ratio (LR−) values for each method are shown in Table III . Additionally, we calculated the diagnostic accuracy of the selected cases of positive (46 tubes) and inconclusive results (8 tubes) after 2D-air/saline-HyCoSy (Supplementary Table I ). In this 'referred population', after initial screening, the accuracy of 2D/3D-HDF-HyFoSy (ACC = 90.4%) and 2D/3D-HyFoSy (ACC = 79.6%) was slightly lower.
Comparison of NPV and PPV between the tests analyzed
All the tubal patency tests had a very high NPV, close to 100% (Table III) , and there were not significant differences between the tests (Supplementary Table II) . 2D-Air/saline-HyCoSy had the lowest PPV (30%), and 2D/3D-HDF-HyFoSy had the highest PPV (71%).
Comparison of the PPV of each method revealed a significantly higher PPV for 2D/3D-HDF-HyFoSy (P < 0.01) and 2D/3D-HyFoSy (P < 0.05) than for 2D-Air/saline-HyCoSy (Supplementary Table II) .
Agreement between tests
The strength of agreement between 2D-air/saline-HyCoSy and 2D/ 3D-HyFoSy, and between 2D-air/saline-HyCoSy and 2D/3D-HDFHyFoSy, expressed by the κ-value, was moderate (Supplementary Table III ). The strength of agreement between 2D/3D-HyFoSy and 2D/3D-HDF-HyFoSy was good. The PPA between 2D-air/salineHyCoSy and 2D/3D-HyFoSy, 2D-air/saline-HyCoSy and 2D/3D-HDF-HyFoSy, and between 2D/3D-HyFoSy and 2D/3D-HDFHyFoSy was 48%, 41% and 74%, respectively. The corresponding NPA was 97.6%, 98.5% and 99.1%, respectively.
Comparison of index tests with laparoscopy using the κ-statistic is presented in Table III . It shows fair/moderate agreement between 2D-air/saline-HyCoSy and laparoscopy, moderate agreement between 2D/3D-HyFoSy and laparoscopy, and good agreement between 2D/ 3D-HDF-HyFoSy and laparoscopy (Table III) .
Post-test probability of tube occlusion
The estimated post-test probability of tube occlusion based on the known pre-test probability and the LR+ (for a positive diagnostic test result) or LR− (for a negative diagnostic test result) values based on the Fagan nomogram is presented for each index test in Fig. 4 .
Positive and inconclusive results
The number of cases in which the results were uninterpretable (Fig. 3) , inconclusive or positive for 2D-air/saline-HyCoSy, 2D/3D-HyFoSy 
Discussion
This study revealed high diagnostic accuracy (>90%) for both HyFoSy methods with automated 3D scanning, as both these methods had a significantly higher PPV and a lower risk of inconclusive and false-positive results than 2D-air/saline-HyCoSy. Moreover, with 2D/3D-HDF-HyFoSy, laparoscopic confirmation was required in only half the cases in which it was required with 2D-air/saline-HyCoSy (from 32% to 16%). In particular, the clinical utility of 2D/3D-HDF-HyFoSy as an alternative to laparoscopy was confirmed in cases in which inconclusive and positive results were obtained with 2D-air/saline-HyCoSy (Supplementary Table I ).
2D/3D-HDF-HyFoSy had the best accuracy (96.9%), and after the exclusion of inconclusive results, it was the only method that did not differ significantly from the reference method (laparoscopy with dye chromotubation) in terms of the diagnostic accuracy. 2D/3D-HyFoSy was also a relatively accurate method (93.7%) that did not differ significantly from the Doppler-aided method, but it was significantly less accurate than the reference method.
Clear and steady visualization of the tubes during 2D/3D-HyFoSy makes it easy to interpret the observations in most cases. However, perception of foam flow in small-diameter tubes and overlap of other pelvic structures are still limitations. With 2D/3D-HyFoSy, a thin (0.1 cm) sonogram of the tubes is obtained in gray scale; in contrast, during 2D/3D-HDF-HyFoSy, the foam flow generates a thick (>0.5 cm) colored sonogram that is focused around the tubes (Figs 1  and 2) . Thus, inconclusive impressions of flow in gray scale may be enhanced and confirmed by HDF Doppler ultrasound. The use of 3D automated scanning standardizes both foam procedures and allows the visualization of foam flow through both tubes without probe maneuvers (Fig. 2) . Before the study, we tried to standardize the 3D imaging procedure with normal bubbles of air (air/saline-HyCoSy) for further 3D-offline analysis. However, our results were discouraging because the air flow was too fast and unstable, and it generated many artifacts, which limit reliable diagnoses with 3D imaging. Artifacts are also a basic limitation for use of Doppler ultrasound during air/salineHyCoSy (Jeanty et al., 2000) .
In our study, 2D-air/saline-HyCoSy was significantly less accurate than the other methods (85.5%), but it had a NPV of 98-99.5%. Thus, we propose the use of air/saline-HyCoSy as a basic screening method, as Fallopian tube patency determined by this method can be regarded as a definitive diagnosis, based on its high NPV. Further, due to the low cost of using saline/air as the contrast medium and the additional benefits of using a negative contrast medium (i.e. the detection of intrauterine abnormalities; Ludwin et al., 2013; El-Sherbiny et al., 2015) , it is proposed that the process be initiated with saline (3D-SIS) and then followed by a mixture of saline/air. Further, as the diagnostic accuracy of 2D/3D-HDF-HyFoSy did not differ significantly from that of the reference method and the PPV of 2D/3D-HDF-HyFoSy was significantly higher than that of 2D-air/saline-HyCoSy (71% vs. 30%, P < 0.01), it can be used as a standard to verify any questionable or positive results obtained with 2D-air/saline-HyCoSy. Therefore, in cases where tubal patency is not diagnosed or the findings are inconclusive, further diagnosis using Doppler-assisted HyFoSy should be performed. As described, our findings have been used to propose a diagnostic strategy with minimum invasiveness and limited use of contrast agents and sophisticated technology, which still has high accuracy. This strategy may significantly decrease the need for laparoscopy. Further, the post-test probability estimation based on the Fagan nomogram lends validity to this strategy, as the probability of tube occlusion is very low for negative results in all tests, and the post-test probability is up to two times higher after 2D/3D-HDF-HyFoSy than after 2D-air/saline-HyCoSy for positive results (Fig. 4) . In cases of positive 2D/3D-HDF-HyFoSy results, further assessment of tubes including endoscopic diagnostic methods and/or therapy can be considered, depending on the clinical indications. None of the studied ultrasound techniques had a high PPV (>0.9), so the findings should be treated with caution when obstruction/diseases are observed, even if it is confirmed by all three methods.
Previous studies on HyFoSy are few and limited to non-Doppler diagnostic methods without 3D volume acquisition and to standardization of Fallopian tube scanning methods (Emanuel et al., 2012; Van Schoubroeck et al., 2013; Dreyer et al., 2015; Lim et al., 2015) . Further, the accuracy of HyFoSy has only been compared with that of the standard laparoscopy and dye technique in a very small group of 20 women, in which it showed 100% accuracy (Van Schoubroeck et al., 2013) . In addition, although a meta-analysis of the previous studies undermined the impact of commercial contrast agents on the accuracy of tubal patency tests (Maheux-Lacroix et al., 2014) , our study shows that the foam provides significantly more accurate results than 2D air/saline-HyCoSy method.
Comparison between a meta-analysis on 2D HyCoSy (582 women, 1055 tubes: Maheux-Lacroix et al., 2014) and a meta-analysis of 3D HyCoSy (489 women, 970 tubes: Alcázar et al., 2016) in which various contrast agents (air/saline, Echovist, SonoVue) except ExemFoam were used shows that 3D HyCoSy may have slightly better accuracy than 2D air/saline-HyCoSy (as suggested by Alcázar et al., 2016) . There are no studies comparing HyFoSy with other commercial contrast agents.
The strengths of the present study are the prospective data collection method used, the relatively large sample size, the unselected infertile population sampling method (which reflects the real prevalence of patient's pre-test probability of tube occlusion in cases with unknown patency (i.e. 6%) through the positive (red line) and negative-likelihood ratio (blue line) for positive and negative test results, to the post-test probability of disease. The post-test probability of tube occlusion is >2 times higher for positive 2D/3D-HDF-HyFoSy results (71%) than for positive 2D-air/saline-HyCoSy results (30%), and it is low (0.5-1%) for negative results of all tests. tube occlusion), blinding of the readers, the random assignment of experienced readers for performing the procedures and blinding of the researchers performing the reference test.
A limitation of this study is that the difference between 2D/3D-HDF-HyFoSy and the reference standard almost reached significance with a P value of 0.07. This significance value could potentially reach <0.05 with a larger sample size, if we consider the low prevalence of tubal occlusion in this study on an unselected infertile population. However, it should be noted that laparoscopy with dye can generate false-positive results also (Woolcott et al., 1999) .
The suggested diagnostic strategy needs to be addressed in future prospective clinical studies to see how the proposed algorithm works in clinical settings.
Conclusions
2D-Air/saline-HyCoSy has a high NPV and is therefore suitable as an initial test, but using 2D/3D-HDF-HyFoSy, which has a significantly higher PPV, as a confirmation tool may reduce the need for laparoscopy as a reference standard to clarify any inconclusive or positive diagnoses.
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